The development of technology for the inexpensive generation of the renewable energy vector H 2 through water splitting is of immediate economic, ecological, and humanitarian interest. Recent interest in hydrogenases has been fueled by their exceptionally high catalytic rates for H 2 production at a marginal overpotential, which is presently only matched by the nonscalable noble metal platinum. The mechanistic understanding of hydrogenase function guides the design of synthetic catalysts, and selection of a suitable hydrogenase enables direct applications in electro-and photocatalysis.
INTRODUCTION
Enormous effort is currently invested in the establishment of natural and artificial photosynthetic systems for efficient, sunlight-driven water splitting into the renewable fuel H 2 and byproduct O 2 . The development of H 2 evolution catalysts is central to this effort. Nature has evolved extremely efficient enzymes called hydrogenases, to reversibly catalyze the interconversion of protons and electrons with H 2 .
1 Hydrogenases operate with remarkably high turnover frequencies of up to 10 4 s −1 at a small overpotential and are therefore the most efficient noble-metal-free H 2 production catalysts. 2 This activity is achieved at an active site containing either two iron centers in [FeFe]-hydrogenases or one iron and one nickel center in [NiFe]-hydrogenases. The metal center of the hydrogenase active site contains a primary coordination sphere with cysteine, 2-azapropanedithiolate (only in [FeFe]-hydrogenases), carbon monoxide, and cyanide ligands. Thus, hydrogenases serve as a benchmark, and as a blueprint to inspire the design of synthetic 3d transition metal catalysts.
In this Account, we summarize our work on [NiFeSe]-hydrogenase; a selenium-containing subclass of the [NiFe]-hydrogenase. Selenium is present in proteins in the amino acid selenocysteine (Sec). 3 The incorporation of selenocysteine into a protein comes with a high energetic cost to an organism due to the specific translation machineries required for selenocysteine synthesis. 4 Therefore, there must be a specific function of selenocysteine that is not exhibited by the sulfur-containing analogue, cysteine. The [NiFeSe]-hydrogenase is an intriguing example of nature's use of selenium, and its active site is identical to that of the [NiFe]-hydrogenases except for the replacement of a terminally coordinated cysteine residue by selenocysteine ( Figure 1 ). 5 We explore the unique chemistry of [NiFeSe]-hydrogenases through biomimetic chemistry to gain insight into the role of selenium in the active site, and exploit the excellent activity of the enzyme for solar fuel synthesis in semiartificial photosynthetic systems. The synthesis, spectroscopic and structural features, as well as reactivity, of model complexes of the [NiFeSe]-hydrogenase active site will be highlighted. Several photocatalytic systems and a light-driven water splitting cell with [NiFeSe]-hydrogenase that makes use of the exceptional activity of this enzyme will also be discussed.
UNIQUE PROPERTIES OF THE
[NiFeSe]-HYDROGENASES [NiFeSe]-hydrogenases exhibit a number of advantageous properties for H 2 production systems. First, the seleniumcontaining hydrogenases generally display high H 2 production activity compared with [NiFe]-hydrogenases, which makes them good candidates as H 2 evolution biocatalysts.
7−11 The high activity of this subclass is explained by a stronger kinetic bias toward H 2 production, 5, 7, 8, 10, 12 and a lack of substantial inhibition of H 2 production by H 2 product compared with the [NiFe]-hydrogenases. 2, 8, 9, 11, 12 A protein film voltammogram of the Desulfomicrobium baculatum [NiFeSe]-hydrogenase on an indium tin oxide (ITO) electrode with a hierarchical morphology is given in Figure 2A . 13 The voltammograms show the potential dependent catalytic currents for H 2 oxidation and production with a narrow cut through zero current indicating thermodynamic reversibility. Finally, the [NiFeSe]-hydrogenase also displays fast reactivation from O 2 inactivation at a low redox potential indicative of O 2 tolerance. 8, 14 This effect is demonstrated in Figure 2B , where reactivation of the enzyme was observed at cathodic potentials following injection of an O 2 saturated electrolyte solution and purging of the headspace with H 2 . 8 The O 2 sensitivity of Desulfomicrobium baculatum [NiFeSe]-hydrogenase during H 2 oxidation at positive potentials prevents its use in enzyme fuel cells and other applications, and we therefore focus only on its unique H 2 evolution activity. Figure 3 has been proposed to act as a proton relay during H 2 cycling because this cysteine residue is present in a number of different positions in the crystal structure, indicating conformational flexibility arising from various protonation states of the thiolate. 19 The selenocysteine also has a high temperature factor in the crystal structure of the [NiFeSe]-hydrogenase, indicating that the selenolate may be protonated. 6, 19 It has thus been proposed that protons are delivered via an intraprotein proton transfer chain to selenocysteine to protonate the hydride in the heterobimetallic center to form H 2 . 3, 5, 20 A nucleophilic addition mechanism was suggested for heterolytic cleavage of H 2 in [NiFe]-hydrogenases, and the higher nucleophilicity of selenocysteine than cysteine may therefore be relevant for the higher activity of the selenium containing subclass. 3,21−23 The pK a of a selenocysteine selenol at 5.2 is lower than the pK a of a cysteine thiol at 8.0, which would also facilitate protonation of the hydride to form H 2 . 3 However, these mechanistic considerations are still speculative because the direct detection of protons in the hydrogenase active site remains a challenge. The possibility of protonation at the acidic selenocysteine, particularly when coordinated to a metal center, needs to be investigated further through biochemical analysis and biomimetic chemistry.
The overall protein structure is almost identical among different [NiFeSe]-and [NiFe]-hydrogenase types and is made up of a minimum of two subunits. 6,18,19,24−27 Figure 1 gives a schematic representation of the movement of substrates and products to and from the active site. The active site is buried deep within the large subunit. The small subunit generally contains three iron−sulfur clusters, which make up an electron transfer chain that enables electron transport between the active site and the enzyme surface. They are assigned as the proximal, 6,19,25−27 These differences may be critical in tuning the electronic properties of these enzymes.
H 2 is proposed to move between the hydrogenase active site and enzyme surface through a hydrophobic channel. 29, 30 Molecular dynamics simulations performed on the Desulfomicrobium baculatum [NiFeSe]-hydrogenase revealed that the partition coefficient of H 2 between the active site and the surrounding water is much higher than in Desulfovibrio gigas [NiFe]-hydrogenase. The [NiFeSe]-hydrogenase possesses an additional H 2 diffusion pathway and can accommodate a higher concentration of H 2 close to the active site. 31, 32 These differences are likely to have an impact on enzymatic activity and H 2 inhibition.
Fast Reactivation from Oxidative Damage and O 2 -Tolerance
Both the [NiFe]-and [NiFeSe]-hydrogenases are reversibly inactivated by O 2 or anaerobic oxidation and require reactivation through reduction, either by exposure to H 2 or by the application of a negative electrochemical potential. 8,11,14,20,33−35 The key difference between the enzymes is an extremely rapid reactivation for the [NiFeSe]-hydrogenase, whereas anaerobic reactivation of the standard [NiFe]-hydrogenase is a slow process that can take several hours. 7, 8, 12, 20, 33, 34, 36 The standard [NiFe]-hydrogenase exists in two aerobically isolated states, known as Ni-A (unready) and Ni-B (ready), in varying ratios. Incubation of the hydrogenase for several hours under a H 2 -containing, O 2 -free atmosphere is required to reactivate the Ni-A state, whereas Ni-B can be reactivated within seconds. These inactive states are reformed upon reoxidation either chemically (O 2 exposure) or electrochemically (anodic potential). 20, 33, 34 When the standard [NiFe]-hydrogenase is isolated aerobically, the nickel center is oxidized to nickel(III) to form the Ni-A and Ni-B states. There is a bridging ligand between the two metal centers in both of these inactive states. 20, 24, 33, 34, 37 There are "nonstandard" [NiFe]-hydrogenases that exhibit aerobic H 2 oxidation, namely, the O 2 -tolerant, membrane-bound [NiFe]-hydrogenase from Ralstonia eutropha, the soluble O 2 -tolerant hydrogenases, and the regulatory hydrogenases. 28 Protein film electrochemistry of the Desulfomicrobium baculatum [NiFeSe]-hydrogenase showed that anaerobic inactivation of this enzyme does not occur at positive potentials provided that the concentration of H 2 is above a certain level. 8 In the presence of O 2 , two inactive states form, which can be distinguished by the potentials at which they reactivate. One state is preferentially formed under a H 2 containing atmosphere and is reactivated at the same potential as the anaerobically inactivated hydrogenase. The other aerobically inactivated state reactivates very rapidly at potentials close to that of the H + /H 2 reduction potential ( Figure 2B ). and iron centers are not observed, and the selenocysteine selenium and, in some cases, a cysteine sulfur is oxidized in the oxidized and as isolated states. 7,11,16,36,38−40 Oxidation of a nickel-coordinated cysteine sulfur has also been reported in the crystal structure of an oxidized [NiFe]-hydrogenase. 37 The Xray crystal structures of the oxidized [NiFeSe]-hydrogenases from Desulfovibrio vulgaris Hildenborough, 25, 27 and Desulfomicrobium baculatum 26 have been reported, and the structural composition of the oxidized active sites are shown in Figure 4 .
The anaerobically purified Desulfomicrobium baculatum [NiFeSe]-hydrogenase was crystallized aerobically. Three main active site structures were solved with various selenium oxidation states and different ligands at nickel: Ox4B, Ox4C, and Ox0. 26 Similarly, in the Desulfovibrio vulgaris Hildenborough [NiFeSe]-hydrogenase, which was both purified and crystallized aerobically, the active site exists in three states with partial occupancy. In two of these states, selenium is oxidized. 25, 27 The oxidation of selenium in selenocysteine is more facile than that of sulfur in cysteine. Oxidation of the selenium in several structures of the [NiFeSe]-hydrogenase suggests that it may protect nickel from oxidative attack. 41, 42 In addition, oxidized selenium is more easily reduced than oxidized sulfur, 43 and selenium−oxygen bonds are weaker than the corresponding sulfur−oxygen bonds. 43−45 The increased size of the selenium atom compared with sulfur also makes the active site more sterically congested. 25 The addition of selenium may therefore sterically block and chemically protect the nickel center from O 2 attack. The oxidized selenium species is more easily reduced in accord with the fast reactivation of the [NiFeSe]-hydrogenases from O 2 inactivation and the full recovery of H 2 production activity after inactivation following O 2 removal from the cell. 8 Thus, the more bulky selenium and the ease with which selenocysteine is oxidized and reduced back to the active form could explain the increased O 2 -tolerance of [NiFeSe]-hydrogenases. Figure 5 ). 46 The selenium and sulfur containing compounds are isostructural and exhibit square planar geometry around the nickel center. However, the Ni−SeMes distances (2.306(3) Å) are longer than the Ni−SMes distances (2.189 (3) , dimesityl diselenide was formed, which was accompanied by the loss of the ligand from the nickel center ( Figure 5B ). Oxidation of selenium, the formation of a selenium−chalcogen bond, and concomitant loss of selenium from the metal center are all features observed in the oxidized Desulfovibrio vulgaris Hildenborough [NiFeSe]-hydrogenase ( Figure 4) . 25 48 The introduction of selenium does not significantly affect any of the other distances in the model complexes: the Ni−Fe distance is only marginally longer (0.02 Å) in [NiFe("S 2 Se 2 ")(CO) 3 ], and the distances between the metal and the bridging carbonyl carbon are almost identical.
SYNTHETIC ACTIVE SITE MODELS
All three CO stretching frequencies in the infrared spectrum of [NiFe("S 2 Se 2 ")(CO 48 indicating increased d-to-π* back-donation due to increased electron density at the metal centers. The absorption bands exhibited by [NiFe("S 2 Se 2 ")(CO) 3 ] are all red-shifted relative to [NiFe("S 4 ")(CO) 3 ] as expected, due to the increased size and polarizability of selenium relative to sulfur. An increase in electron density at the bimetallic core could also lower its reduction potential and might also contribute to the stronger bias toward H 2 production in the selenium-containing enzyme.
These [NiFeSe]-active site model complexes do not display electrocatalytic activity as homogeneous H 2 production catalysts. The complexes are not sufficiently active or stable at a cathodic potential in the presence of a proton source. However, the model complexes act as molecular precursors to form nickel and/or iron containing solid-state deposits, which are active as heterogeneous H 2 production catalysts in pH neutral water. 46, 47 
PHOTOCATALYTIC H 2 PRODUCTION SYSTEMS
The elucidation of the unique features of the [NiFeSe]-hydrogenases for electrocatalytic H 2 production 8 has enabled the rapid development of semiartificial photocatalytic H 2 production systems with this enzyme from Desulfomicrobium baculatum. 9, 49, 50 We have established that this hydrogenase can be rationally combined with a range of light harvesting materials, in either homogeneous or heterogeneous systems, and thereby acts as a versatile and highly active electrocatalyst in photochemical schemes (Figure 7) .
The first use of this hydrogenase for photocatalytic H 2 production was demonstrated by the attachment of the enzyme to a ruthenium dye-sensitized TiO 2 nanoparticle ( Figure  7B) . 9, 51 The ruthenium dye (RuP) was attached to the TiO 2 particle via phosphonic acid linkers. Immobilization of the enzyme close to the distal iron−sulfur cluster, [4Fe4S] dis , is essential for electronic communication and electron flow into the active site. Desulfomicrobium baculatum [NiFeSe]-hydrogenase has a large number of surface-exposed glutamate and aspartate residues in close proximity to [4Fe4S] dis , which may act as natural anchor sites, via the carboxylate, to the metal oxide surface. These provided strong interfacial interactions that allowed for an almost quantitative binding of the enzyme to the TiO 2 surface, although not all bound enzyme was necessarily functional. 9, 52 This system operates by visible light excitation of the ruthenium dye, which is followed by electron injection into the TiO 2 conduction band. Subsequent electron transfer from the conduction band to the [NiFeSe]-hydrogenase allows for catalytic H 2 production with a turnover frequency up to 50 mol of H 2 (mol of hydrogenase) −1 s −1 in the presence of a sacrificial electron donor. Photo-H 2 production was monitored for up to 8 h, giving a TON up to 1.9 × 10 5 , but the photoinstability of the ruthenium dye led to cessation of the activity upon further irradiation. 51 Desulfomicrobium baculatum [NiFeSe]-hydrogenase significantly outperforms a range of other hydrogenases on dye- 9 The high H 2 production activity, tolerance toward H 2 , and good O 2 stability of this hydrogenase, as well as its favorable orientation upon attachment to TiO 2 , are believed to be responsible for its superior activity.
9,49−51
The system was further advanced by replacing the ruthenium dye with a less expensive and more stable light absorber. Amorphous, polymeric CN x is a 2D material synthesized by the thermolysis of urea or melamine 54 and was used as a heterogeneous photosensitizer with the [NiFeSe]-hydrogenase to give a system with turnover frequencies of 5532 mol of H 2 (mol of hydrogenase) −1 h −1 under solar light irradiation and a sacrificial electron donor ( Figure 7C) . 49 The use of CN x significantly enhanced the stability of the system, which remained active after 2 days, giving a turnover number >50 000 for H 2 production. 49 The weak interaction of the enzyme with CN x limited the performance of this system. Improvements in integrating CN x with the [NiFeSe]-hydrogenase were required. Thus, the enzyme was adsorbed onto a hybrid material in which CN x was grafted onto the surface of TiO 2 ( Figure 7D ). This approach allowed nearly quantitative binding of the "titaniaphilic" hydrogenase and improved electron transfer through the stronger electronic coupling at the material−enzyme interface. 53 The CN x -TiO 2 hybrid operates through two distinct mechanistic pathways during visible light irradiation. Photoexcitation of CN x results in promotion of an electron into the LUMO of CN x , followed by electron transfer into the conduction band of TiO 2 . In addition, the formation of a charge transfer complex occurs, whereby the excited electrons are promoted directly from the HOMO of the CN x to the TiO 2 conduction band. This additional pathway extends the light absorption further into the visible region compared with CN x alone. This sacrificial system achieved a turnover number of more than 5.8 × 10 5 in 72 h. In the presence of a redox mediator, methyl viologen, a turnover number of up to 3.8 million was observed.
With high activity and stability established in photocatalytic schemes under anaerobic conditions, we demonstrated photo-H 2 production with Desulfomicrobium baculatum [NiFeSe]-hydrogenase in a homogeneous system under O 2 . 50 Eosin Y was selected as a dye and was shown to be able to inject electrons directly to the [NiFeSe]-hydrogenase upon excitation without requiring the use of a soluble redox mediator ( Figure  7E ). The system was found to produce H 2 with a turnover frequency of 13.9 mol of H 2 (mol of hydrogenase) −1 s −1 in the presence of a sacrificial electron donor, under inert conditions, and retained 11% activity in the presence of atmospheric levels of O 2 .
The excellent activity of Desulfomicrobium baculatum [NiFeSe]-hydrogenase has most recently allowed for the first demonstration of ex vivo water splitting into H 2 and O 2 with a hydrogenase. Here, the [NiFeSe]-hydrogenase was immobilized on a hierarchical, inverse opal mesoporous ITO cathode and wired to the water oxidation enzyme photosystem II in a photoelectrochemical cell (Figures 2A and 8) . 13 Irradiation of the photosystem II photoanode resulted in the production of H 2 and O 2 in a 2:1 ratio and a 5.4% photon-to-hydrogen energy conversion efficiency under low intensity red light irradiation with an applied bias potential of 0.8 V. This prototype system is the first example of photoelectrochemical solar fuel synthesis with wired enzymes.
CONCLUSIONS AND PROSPECTS
[NiFeSe]-hydrogenases display a combination of unique properties required for application in water splitting, which are available to a much lesser extent in standard [NiFe]-and [FeFe]-hydrogenases. A prototype example is Desulfomicrobium baculatum [NiFeSe]-hydrogenase, which exhibits a bias toward H 2 evolution in the presence of O 2 and displays little product (H 2 ) inhibition. [6] [7] [8] 10 These features combined make this enzyme, arguably, the most efficient molecular H 2 evolution catalyst for use in water splitting. Thus, we are developing [NiFeSe]-hydrogenase chemistry through the mimicry of this enzyme's active site to understand its unique activity and to employ this enzyme as the electrocatalyst in semiartificial photosynthesis.
Our synthetic models of the [NiFeSe]-hydrogenase active site 46, 47 have shown that the introduction of a coordinated selenium ligand can fine-tune the electronic properties of the heterobimetallic core. The increased size and polarizability of selenium relative to sulfur and the related facile oxidation and reduction of selenocysteine relative to cysteine are likely to be contributing factors for the high proton reduction activity, quick oxidation of selenocysteine to protect the transition metal core, and fast reactivation upon O 2 -inactivation in the [NiFeSe]-hydrogenase. Although our biomimetic studies support these properties, the exact role of selenium and the possibility for secondary coordination sphere effects in 
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Article improving the performance of this enzyme remain unknown and a conclusive rationale for the use of selenocysteine in the [NiFeSe]-hydrogenases, as well as other selenocysteine containing enzymes, is yet to be discovered.
[NiFeSe]-hydrogenase from Desulfomicrobium baculatum can now be rationally combined with light absorbing materials such as dye-sensitized metal oxide semiconductors, carbon nitrides, and homogeneous photosensitizers such as Eosin Y. 9, 49, 50 The resulting systems display excellent photocatalytic activities with stabilities up to a couple of days and turnover numbers above one million. 53 They thus easily outperform purely synthetic systems containing noble-and toxic-metal-free electrocatalysts based on single-site catalytic performance. Further improvements will rely on improving the enzyme−light absorber interface to better control the orientation and binding of the enzyme. Although this enzyme is fragile and requires careful handling, we also demonstrate that this enzyme can be added to complex functional systems, much like a chemical reagent. A milestone in hydrogenase-based H 2 production was recently reached with the assembly of a light-driven full water splitting cell with [NiFeSe]-hydrogenase wired to photosystem II. 13 This demonstrates that sacrificial agents can be avoided in lightdriven H 2 production and opens exciting opportunities for using this enzyme to catalyze the endergonic reactions required for solar fuel synthesis. This photoelectrochemical system is limited by the fragility of photosystem II, and future challenges are the assembly of more robust water splitting systems and the incorporation of [NiFeSe]-hydrogenase into photosynthetic in vivo systems. Technology and Development), the OMV Group, the EPSRC (Grant EP/H00338X/2 to E.R.), and a Marie Curie fellowship (Grant GAN 624997 to C.C.). We also thank Mr. David Wakerley and Dr. Bertrand Reuillard for helpful comments and Dr. Juan C. Fontecilla-Camps and his group for providing us with Desulfomicrobium baculatum [NiFeSe]-hydrogenase over the years.
